SYSTEM, METHOD, AND COMPUTER PROGRAM PRODUCT FOR 
PROVIDING CONTROL FOR HIGH SPEED FIBER PLACEMENT 



GOVERNMENT LICENSE RIGHTS 
The United States Government may have rights in this invention as provided 
for by the terms of Contract Number N00014-00-3-0004 awarded by the Office of 
Naval Research. 



FIELD OF THE INVENTION 
The invention relates to the manufacture of composite articles and, more 
5 specifically, to a laser control system, method, and computer program product for 
heating fiber tapes during the manufacture of composite materials. 



BACKGROUND OF THE INVENTION 
Composite structures made from fiber-reinforced polymer matrix (resin) 

1 0 materials are commonly manufactured by progressively building up the structure with 
a plurality of layers of thin composite tape or tow, hereafter collectively referred to as 
tape, laid one layer upon another. Typically, the operation begins by laying one or 
more tapes onto a starting template that has a configuration generally corresponding 
to the desired shape of the article to be produced. A tape placement head guides the 

15 one or more continuous tapes onto the template by providing relative movement 

between the template and the head, such that the head moves over the surface of the 
template. The head usually makes repeated passes over the template in a defined 
pattern imtil the template is entirely covered. Multiple layers of tape are built up by 
continued passes of the head over the surface. A compaction roller is usually used for 

20 pressing the tape against the template or prior-laid layers of tape, hereafter 

collectively referred to as a workpiece. Compaction facilitates adhesion of the tape to 
the workpiece. 

The tape, the workpiece, or both are heated just prior to the tape being 
compacted and/or as the tape is being compacted to soften the resin and promote 
25 adhesion of the tape to the workpiece. Proper heating is important in the 

manufactxuing process. Excessive heating can disfigure or damage the fiber tapes and 
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insufficient or excessive heating can result in adhesion problems which increase the 
likelihood of separation of the successive layers of tape, thereby decreasing the 
strength of the finished article. Unfortunately, it is oftentimes difficult to remedy 
adhesion problems since the ideal degrees of heating and compacting are mutually 

5 dependent and also dependent on such factors as the type of fiber tape employed, the 
degree of impregnation of the fiber tape, the rate at which the fiber tapes are placed, 
and ambient conditions, to name a few. 

Lasers can quickly alter the temperature of the fiber tape, the workpiece, or 
both. If a feedback system is used, the laser power can be increased or decreased to 

1 0 respond to a fiber tape temperature that is higher or lower than appropriate. 

Traditional feedback control systems, however, have proven inadequate for providing 
an optimal response, often failing to maintain a sufficiently uniform temperature for 
successive sections of fiber tapes. This problem can be especially acute during 
changes in the rate of placement of the fiber tapes. Changes in the rate of placement 

15 may occur during start-up and shut-down as well as during normal operation. For 

example, during start-up and shut-down, the fiber placement head may quickly adjust 
the rate of placement of the fiber tapes. Additionally, geometric variations in the 
contour of the workpiece can require the fiber placement head to quickly change the 
rate of placement of the fibers. Thus, in some instances, a traditional feedback control 

20 system that responds only to discrepancies between a target temperature of the fiber 
tapes and the actual temperature of the fiber tapes cannot provide a control response 
that is capable of maintaining a sufficient uniform temperature. Therefore there exists 
a need for a heating control system and a heating control method for quickly and 
appropriately reacting to variations in temperature and rate of placement of the tapes. 

25 

SUMMARY OF THE INVENTION 
The present invention seeks to improve the quality of composite materials and 
the efficiency of their production by providing a system, method, and computer 
program product to more precisely control the heating based upon both feedback and 
30 feedforward contiols. Utilization of feedback and feedforward controls permits the 
heating of the fiber tapes to be quickly adjusted so that the tapes are maintained at a 
temperature that is equal or nearly equal to a target temperature. By maintaining 
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proper heating of the fiber tapes, the fiber placement machine is able to improve the 
adhesion of the fiber tapes to the workpiece and the overall quality of the composite 
structure. 

In one embodiment, the fiber placement machine includes a heating device, 
such as a laser diode array, that heats at least one fiber tape, and a compaction roller 
then compacts the fiber tape onto a workpiece in a compaction region. The fiber tape 
therefore conforms to the contour of the workpiece and is adhered thereto. The fiber 
placement machine also includes a temperature sensor and a velocity sensor that 
respectively measure the temperature and velocity of the fiber tape. The velocity of 
the fiber tape is generally the velocity of the fiber tape with respect to the fiber 
placement head, that is the rate of placement of the fiber tape. Because the fiber 
placement head moves relative to the workpiece, or the workpiece moves relative to 
the fiber placement head, the velocity of the fiber tape is also typically equal to the 
velocity of the fiber placement head with respect to the workpiece. 

The fiber placement machine of one advantageous embodiment further 
comprises three controllers: a feedback controller, a feedforward controller, and a 
heating device controller. The feedback controller determines a feedback control 
value based on the temperature output of the temperature sensor and a target 
temperature, which is a value based on the desired temperature of the fiber tape. The 
feedback controller now provides the feedback control value to the heating device 
controller. The feedback controller can use one of several known methods for 
determining the feedback control value, such as on-off control, proportional control, 
proportional-derivative control, proportional-integral control, proportional-integral- 
differential control, a three mode controller, artificial intelligence control, and the 
like. 

The feedforward controller determines a feedforward control value based on 
the velocity output provided by the velocity sensor and the target temperature. The 
feedforward controller then provides the feedforward control value to the heating 
device controller. The feedforward controller can determine the feedforward control 
value using a feedforward data table or by mathematically calculating the feedforward 
control value based on the target temperature and the velocity of the fiber tape. For 
example, the feedforward controller can determine the feedforward control value by 
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retrieving a value from a stored feedforward data table that comprises a number of 
data points. Each data point may correlate a velocity of the fiber tape, a temperature 
of the fiber tape, and a feedforward control value. Thus, based on the target 
temperature and the velocity of the fiber tape, the feedforward controller retrieves the 
corresponding feedforward control value. Alternatively, the feedforward controller 
can mathematically determine the feedforward control value by using a formula that 
defmes the feedforward control value as a fumction of the target temperature and the 
velocity of the fiber tapes. The formula may be determined theoretically or 
empirically. 

The heating device controller receives the feedback control and the 
feedforward control and determines a heat control value based thereon, hi some 
embodiments, the heating device conti-oUer determines heat conti-ol value by summing 
the feedback control value and the feedforward control value. The heating device 
controller produces the heat control value to the heating device which, in turn, heats 
the fiber tape at least partially in accordance with the heat control value. 

The heating control system, method, and computer program product of the 
present invention therefore enable the fiber placement machine to maintain the 
temperature of the fiber tapes with less variation from the target temperature as 
compared with other heating control systems. This is especially advantageous for 
rapid variations in manufacturing processes where the velocity of the fiber tape 
changes quickly, for example, during start-up, shut-down, pausing, and fiber 
placement on contoured workpieces, in which cases the temperature would otherwise 
generally vary greatly. Thus, the heating confrol system, method and computer 
program method of the present invention enables a fiber placement machine to 
operate at a higher capacity and achieve higher quality in the composite articles that 
are produced. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Having thus described the invention in general terms, reference will now be 
made to the accompanying drawings, which are not necessarily drawn to scale, and 
wherein: 
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Figure 1 illustrates a fiber placement head used in conjunction with the heating 
control system of one embodiment of the present invention; 

Figure 2 is a block diagram showing the internal communication between the 
various components of the heating control system of one embodiment of the present 
5 invention; 

Figure 3 is a flow chart that illustrates the operations performed by the heating 
control system, method, and computer program product of one embodiment of the 
invention; 

Figure 4 is a graph that illustrates variations in velocity, laser control voltage, 
10 and temperature of a fiber tape during operation of a fiber placement machine that 
uses a feedback controller and no feedforward controller; and 

Figure 5 is a graph that illustrates variations in velocity, laser control voltage, 
and temperature of a fiber tape during operation of a fiber placement machine 
according to one embodiment of the invention that uses a feedback controller and a 
1 5 feedforward controller. 

DETAILED DESCRIPTION OF THE INVENTION 
The present invention now will be described more fiilly hereinafter with 
reference to the accompanying drawings, in which preferred embodiments of the 

20 invention are shown. This invention may, however, be embodied in many different 
forms and should not be construed as limited to the embodiments set forth herein; 
rather, these embodiments are provided so that this disclosure will be thorough and 
complete, and will ftilly convey the scope of the invention to those skilled in the art. 
Like numbers refer to like elements throughout. 

25 Figure 1 shows one embodiment of a fiber placement machine according to 

the present invention, which is broadly denoted by reference numeral 1. A fiber tape 
3 is guided in place by a fiber placement head 2 and placed on a contoured workpiece 
5. In this example, the workpiece 5 is composed of a template 4 and a layer 
composed of fiber tapes 3b that have already been placed and compacted. Thus, the 

30 template 4 and any fiber tapes 3b placed thereon are collectively referred to 

hereinafter as the workpiece 5. A force is applied by a compaction device, here a 
compaction roller 6, in a direction generally towards the workpiece 5 so that the 
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compaction roller 6 exerts pressure on the fiber tape 3 to press it against the 
workpiece 5 in a compaction region 7. 

A fiber placement head is denoted by reference mimeral 2. Although one 
embodiment of a fiber placement head 2 is illustrated and described, the fiber 
5 placement head 2 may be configured in other manners if so described. The fiber 

placement head 2 of this embodiment comprises a number of cold rollers, collectively 
referred to as a cold roller assembly 11. The cold roller assembly 11 guides the fiber 
tapes 3 to a drive roller assembly 12. The drive roller assembly 12 comprises drive 
rollers 13 and slave rollers 14. The drive rollers 13 are driven by a drive roller motor 

10 15 which is linked to the drive rollers 13 by a drive transfer 16. hi this example, the 
drive transfer 16 is a drive shaft, though it may also be a chain, belt, or gear assembly. 
The drive rollers 13 rotate and impart motion to the fiber tapes 3, transporting the 
fiber tapes 2 toward the compaction roller 5. 

The fiber placement head 2 is moved relative to the workpiece 5 by a head 

1 5 drive assembly 22 which is generally shown in Figure 1 . The head drive assembly 22 
may comprise any of a number of drive devices including, but not limited to, 
pneimiatic or hydrauhc actuators, electrical motors or servos, and/or chain, gear or 
shaft drive mechanisms, hi Figure 1, the fiber placement head 2 moves in a 
downwardly direction as it places the fiber tape 3, although the workpiece 5 may 

20 move instead of or in addition to the movement of the fiber placement head 2. As the 
fiber tape 3 is placed, the compaction roller 6 rotates, in this example counter- 
clockwise, to stay in rolling contact with the fiber tape 3. While a compaction roller 6 
is depicted, other types of compaction devices may be utilized, such as a compaction 
shoe or a press. 

25 The fiber placement machine 1 also includes a heating device 8. The heating 

device 8 may be a laser, a laser diode array, a hot gas torch, an electric heater, or any 
other heating device known in the art. The heating device 8 is used to heat the fiber 
tape 3 and/or the workpiece 5. The heating device 8 imparts thermal energy in the 
fiber tape 3, for example by directing laser light from a laser diode onto the fiber tape 

30 3. hi addition to or as an alternative to the heating of the fiber tapes 3, the heating 

device 8 may heat the workpiece 5. Regardless of whether the fiber tapes 3 and/or the 
workpiece 5 are heated, the heating device 8 preferably delivers sufficient energy to 
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permit the fiber tapes 3, once subjected to the compaction forces, to adhere to the 
underlying workpiece 5. Where the heating device 8 is a laser diode array, as in this 
embodiment, the laser diode array comprises a number of laser diodes. In one such 
embodiment, each laser diode is electrically coupled to a power source in a manner 
5 independent of the other laser diodes so that the operating power of each laser diode 
can be controlled independently of the other laser diodes. The laser diode array is 
described in further detail in U.S. Patent Application No. 09/578,069, entitled 
"Method for Heating and Controlling Temperature of Composite Material During 
Automated Placement," which is herein incorporated by reference. Further, the 

10 individual diodes of the laser diode array may be arranged so that the light from each 
laser diode is focused on a different area or irradiation zone, though some of the 
irradiation zones may overlap. Different irradiation zones cover the different fiber 
tapes 3 and/or areas of the workpiece 5. Thus, by altering the operating power of one 
or more diodes, the heating of a particiilar fiber tape 3 and/or a particular area of the 

15 workpiece 5 can be controlled independently of the heating of other fiber tapes 3 and 
other areas of the workpiece 5. Non-xmiform heating of the irradiation zones may be 
desirable, for example, if the fiber tapes 3 are not the same size or are not made of the 
same materials and thus require different amounts of energy to attain their optimum 
temperature for placement. Also, different amounts of heating may be desirable due 

20 to the geometry of the workpiece 5. For example, if the fiber placement machine 1 is 
placing fiber tape 3 along a curved path, the fiber tapes 3 being placed on the outside 
of the curve will follow a curve of greater radius and will be placed at a faster rate 
than the fiber tapes 3 on the inside of the curve. Thus, those fiber tapes 3 on the 
outside of the ctirve may require more heating than the fiber tapes 3 on the inside of 

25 the curve. Additionally, the workpiece 5 may require varying amounts of heat 
depending, for example, on its current temperature and chemical and structural 
makeup. 

The fiber placement machine 1 may also include a number of other 
components. For example, the fiber placement machine may include an inspection 
30 system comprising cameras, temperature sensors, pre-placement detectors, tack 

monitoring devices, and the like for monitoring the fiber tape 3. Additionally, the 
fiber placement machine may include a marking device for defect marking. 
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The heating device 8 is controlled by a heating control system 23 which is 
more clearly shown in Figure 2. The block diagram shown in Figure 2 illustrates the 
internal communication that occurs between various components of the heating 
control system 23 of one embodiment of the present invention. In this embodiment, 
5 the heating control system 23 comprises three controllers: a feedback controller 17, a 
feedforward controller 18, and a heating device controller 19, each of which is 
typically a microcontroller, a processor, or other computing device. The three 
controllers 17, 18, and 19 maybe discrete controllers that are electrically connected to 
one another so that each can coramtmicate with one another. In other embodiments, 

10 any two or all three of the feedback controller 17, the feedforward controller 18, and 
the heating device controller 19 may comprise a single integrated controller, which is 
denoted as reference numeral 20 in Figure 2. Additionally, the integrated controller 
20 may also perform other functions, for example functions integral to inspection, 
speed control, temperature and velocity sensing, defect marking, and the like. 

1 5 Although some of the components shown in Figure 2 are not directly 

connected to one another, this arrangement is shown for clarity and it is understood 
that any one of the components of the fiber placement machine 1 may be electrically 
connected to another component. For example, the feedforward controller 18 may be 
electrically connected directly to the temperature sensor 9 even though that 

20 connection is not shown in the figure. 

In one embodiment of the invention, the heating control system 23 functions 
in the following manner. The temperature sensor 9 and the velocity sensor 10 
respectively generate a temperature output based on the temperature of the fiber tape 
3 and a velocity output based on the velocity of the fiber tape 3. While various 

25 temperature sensors 9 and velocity sensors 10 may be utilized, the system of one 
embodiment includes an infrared emission sensor as a temperature sensor 9 and a 
laser doppler velocimeter as a velocity sensor 10. Other temperature sensors 9 
include thermocouples and other known temperature sensing devices. Other velocity 
sensors 10 include mechanical devices, such as a roller with an attached rotational 

30 speed measuring device, as well as other mechanical and electrical devices known in 
the art. A target temperature, stored in a memory 21, is a value based on the desired 
temperature of the fiber tape 3. The target temperature may be manually set once or 
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repeatedly during subsequent operations of the fiber placement machine 1. 
Alternatively, the target temperature may be set automatically, for example according 
to the properties of the fiber tape 3 that is used. Typically, the target temperature is 
stored in a memory device 21. 

In operation, the feedback controller 17 receives the temperature output from 
the temperature sensor 9 and retrieves the target temperature from the memory device 
21. Although a single temperature sensor 9 is shown in Figure 2, there may actually 
be any number of temperature sensors 9. Additionally, the temperature sensor 9 may 
check the temperature of the fiber tape at any location, for example after the fiber tape 
3 has been heated but before it is compacted or after compaction onto the workpiece 
5. The feedback controller 17 then determines a feedback control value based on the 
temperature output and the target temperature and sends the feedback control value to 
the heating device confroUer 19. The feedback controller 17 can use one of several 
known methods for determining the feedback confrol value, such as on-off control, 
proportional control, proportional-derivative confrol, proportional-integral control, 
proportional-integral-differential confrol, a three mode confroUer, artificial 
intelligence confrol, and the hke as known to those skilled in the art, some of which 
are described in more detail below. 

The feedforward confroUer 18 receives the velocity output from the velocity 
sensor and retrieves the target temperature from the memory device 21 . The 
feedforward confroUer 17 then determines a feedforward control value based on the 
velocity output and the target temperature and sends the feedforward confrol value to 
the heating device controller 19. The feedforward controller 18 can determine the 
feedforward confrol value in various manners, such as by using a feedforward data 
table or by mathematically determining the feedforward confrol value based on the 
target temperature and the velocity of the fiber tape 3. Both of these methods are 
described more fiiUy in the description below. 

The heating device confroUer 19 receives the feedback confrol and the 
feedforward confrol and determines a heat confrol value based thereon, hi some 
embodiments, the heating device controller 19 determines heat confrol value by 
summing the feedback control value and the feedforward confrol value. 
Alternatively, the heating device controUer 19 may perform a weighted summation by 
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first multiplying each of the feedback control value and the feedforward control value 
by respective weighting factors and then summing the two products. The heating 
device controller 19 sends a control signal that equals or is otherwise based on the 
heat control value to the heating device 8. As described above, the heating device 8 
may be a laser, a laser diode array, a hot gas torch, an electric heater, or any other 
heating device known in the art. The heating device 8 may increase, decrease, or 
maintain the current heating of the fiber depending on the heat control value, i.e., 
depending upon whether the heat control value increases, decreases, or remains the 
same relative to prior heat control values. 

Although the foregoing discussion describes a system wherein a single 
feedback control value, feedforward control value, and heat control value are used, it 
is imderstood that any number of control values may be generated simultaneously. 
For example, one or more temperature sensors 9 may monitor a number of different 
sensing zones on one or more fiber tapes 3 and/or the workpiece 5. Similarly one or 
more velocity sensors 10 may monitor the respective velocities of a plurality of fiber 
tapes 3. The feedback controller 17, feedforward controller 18, and heating device 
controller 19 may then generate a plurality of heat control values, each of which 
corresponds to one of the sensing zones. Thus, the heating device 8 can respond 
independently to different fiber tapes 3 or different areas of fiber tapes 3 and/or the 
workpiece 5. For example, when a laser diode array is used as the heating device 8, 
and the individual diodes of the laser diode array are arranged to heat different 
irradiation zones as described above, the different heat control values can be utilized 
to independently control the power of the individual laser diodes. 

The flow chart shovm in Figure 3 illustrates the steps of one embodiment of 
the present invention. It is understood that any of the operations performed by the 
feedback controller 17, the feedforward controller 18, and the heating controller 19 
may alternatively be performed by the single integrated controller 20 or by any type 
of distributed control technique. 

Referring now to the first step of Figure 3, denoted by reference numeral 30, it 
can be seen that in this embodiment a feedforward response surface is first provided. 
The feedforward response surface defines a plurality of data points. Each data point 
correlates a predefined velocity of the fiber tape 3, a predefined feedforward control 
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value, and a resulting temperature of the fiber tape 3. Specifically, the response 
surface defines the data points in one of two ways. First, in one embodiment, the 
response surface comprises a feedforward data table of data points. Each data point 
correlates a predefined velocity of the fiber tape 3, a predefined feedforward control 
5 value, and a resulting temperatiure of the fiber tape 3. The data points that are stored 
in the feedforward data table may be determined by experimental or theoretical 
methods. For example, each data point in the table can be determined by operating 
the fiber placement machine 1 at a predefined velocity, using a predefined 
feedforward control value as the heat control value, and measuring the resulting 

10 temperatvire of the fiber tape 3. Alternatively, the data points can be determined by 
theoretically predicting the resulting temperature for a predefined velocity and 
predefined feedforward control value. 

In another embodiment, the feedforward response surface defines a plurality 
of data points according to a mathematical correlation between a predefined velocity 

1 5 of the fiber tape 3, predefined feedforward control value, and the resulting 

temperature of the fiber tape 3. Similar to the embodiment that utilizes a feedforward 
data table, this embodiment provides for the determination of the mathematical 
correlation through theoretical or experimental methods. In one embodiment, the 
feedforward formula is determined by fitting a surface to a set of data points in a 

20 feedforward data table. The fitting may be performed by any known method, for 

example the least squares method, and the feedforward formula may be of any order. 
For example, in one preferred embodiment the feedforward formula is second order 
and takes the following form: 

25 FCV{t) = B^ +By*V + B^ *T + B„*V*T + B„ 

where FCV(t) is the predefined feedforward control value as a function of time, t; T is 
the target temperature; V is the predefined velocity of the fiber tape; and Bq, By, Bj, 
BvTj and Bxt 

are predefined coefficients. The coefficients Bo, By, Bt, Bvt, and Btt 
30 are siramiarized in a colxunn matrix B as: 
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B = 



^0 
By 

B,n 



B 



TT . 



If there are known a pliirality of data points, each point correlating a predefined tape 
velocity, a predefined feedforward control value, and a resulting temperature, the 
matrix B can be determined by the equation: 

B = [x^xy(x^Y) 

where X is an input matrix; is the transpose of X; and Y is the output matrix. 

The input matrix X and output matrix Y are defined by the following 
expressions: 

V T V T 

'2 ^2 ' 2 2 2 

2 

' n n n n n J 



x = 



and 



7- 



FCV^ 
FCV, 



FCV„ 



where Vi, V2, ... Vn are a plurality of predefined tape velocity values; Ti, T2, ... Tn are 
a plurality of corresponding tape temperature values and FCVi, FCV2, ... FCVn are a 
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plurality of corresponding predefined feedforward control values such that the 
predefined feedforward control value FCVn and predefined tape velocity Vn result in 
tape temperature Tn. Thus, the first row of the input matrix X contains the terms 1, 
Vi, Ti, ViTi, and Ti^. The second row of the input matrix X contains the terms 1, V2, 
5 T2, V2T2, and T2^, and so forth. Similarly, the first row of the output matrix Y 
contains the term FCVi, the second row contains the term FCV2, and so forth. 

The data points of the input matrix X and output matrix Y can be determined 
theoretically or empirically. For example, a series of tests can be conducted to 
determine a plurality of data points, each data point representmg a laser voltage, a 
10 feed rate, and a resulting temperature. For example, the following table contains a 
plurality of data points: 





V = 100 


V=200 


V = 400 


V = 600 


V = 800 


V = 1000 


V=1200 


FCV = 0.5 






78 






72 




FCV = 1 


155 




110 




97 


89 


88 


FCV = 1.5 


216 


164 


140 




110 


104 


100 


FCV = 2 




212 


177 




125 


121 


120 


FCV = 2.5 






209 


158 


142 


133 


127 


FCV = 3 






228 


166 


160 


149 


139 


FCV = 3.5 






263 


190 


176 


167 


154 


FCV =4 






283 




189 


175 


168 


FCV = 4.5 






290 




202 


184 


182 



Thus, the above table contains a number of data points, each point correlating 
a predefined velocity of the fiber tape 3, a predefined feedforward control value, and a 

15 temperature of the fiber tape 3. The values shown were determined by conducting a 
series of tests wherein during each test the velocity of the fiber tape 3 was set to a 
predefined velocity denoted V in the table, the feedforward control value was set to a 
predefined value denoted FCV in the table, and the resulting temperature of the fiber 
tape 3 was then measured. Each test was conducted for a specific target temperature. 

20 For example, when the fiber tape 3 was placed at a velocity of 400 inches per minute, 
and the feedforward control value was set to 3 volts, the fiber tape had a resulting 
temperature of 228° F. If this table were used by the feedforward controller 18 to 
determine the feedforward control value, the feedforward controller 18 would find the 
appropriate feedforward control value that corresponds to the target temperature of 

25 the fiber tape 3 and the velocity of the fiber tape 3. For example, if the target 
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temperature and the velocity were 176° F and 800 inches per minute, respectively, the 
feedforward controller 18 would retrieve the feedforward control value of 3.5 volts. 

It should be noted that the above table does not include data points for every 
possible combination of velocity and feedforward control value. Thus if the 
feedforward controller 18 attempts to retrieve a feedforward control value for a target 
temperature or a velocity that is not shown on the table, the feedforward controller 18 
could select a feedforward control value from the data point that lies closest. 
Ahematively, the feedforward controller 18 could interpolate or extrapolate as 
necessary to approximate the appropriate feedforward control value. 

It should also be noted that the above table was constructed using a constant 
target temperature. Therefore, a different table may be required if a different target 
temperature is used, for example because a different fiber tape 3 is used. 
Ahematively, instead of associating each feedforward control table with a specific 
target temperature, a more compUcated table could be constructed that defines the 
feedforward control values as a function of the temperature as well as the temperature 
and the velocity of the fiber tapes 3. 

Referring to the second step, denoted by reference numeral 31, a target 
temperature and target velocity are set. Both the target temperature and target 
velocity can be set before or during operation of the fiber placement machine 1 and 
can be set either manually by an operator or automatically based on other system 
parameters, for example previously determined optimum values based on the size and 
type of the fiber tape 3. 

In step 32, the temperature sensor 9 determines the temperature of the fiber 
tape 3 and/or the workpiece 5 and the temperature output is sent to the feedback 
controller 17. In step 33, the velocity of the fiber tape 3 is determined. As stated 
above, the velocity can be measured by the velocity sensor 10. The velocity sensor 10 
can measure the velocity of the fiber tape 3 by any known means, for example, using 
a contacting sensor or preferably by a non-contacting method such as laser doppler 
velocimetry. The velocity sensor 10 may also determine the velocity of the fiber tape 
3 by monitoring the speed of another component of the fiber placement machine 1. 
For example, the velocity sensor 10 could monitor the speed of the fiber placement 
head 2 relative to the workpiece 5 or the rotational speed of one of the rollers in the 
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drive roller assembly 12 or cold roller assembly 11. Alternatively, the feedforward 
controller 18 can retrieve a target velocity which was stored in the memory device 21 
before or during operation of the fiber placement machine 1 in a fashion similar to the 
storing of the target temperature described above. The velocity of the fiber tape 3 is 
5 then determined based on the stored target velocity. For example, a target velocity 
may be set manually by an operator or automatically based on other system 
parameters, for example previously determined optimum values based on the size and 
type of the fiber tape 3. The target velocity is stored in the memory device 21 where 
it can be retrieved by the feedforward controller 18. The feedforward controller 18 

10 can then determine the velocity of the fiber tape 3 by defining the velocity to be equal 
to the target velocity. 

In step 34, the feedback controller 17 and/or the feedforward controller 18 
retrieve the target temperature. In step 35, the feedback controller 17 calculates a 
feedback control value based on the temperature of the fiber tape 3 and the target 

15 temperature of the fiber tape 3. There are a number of methods for generating 

feedback control values, for example a simple on-off control method, a proportional 
control method, a proportional-derivative control method, or a proportional-integral- 
derivative control method. In the on-off control method, a feedback control value is 
determined by first comparing the temperature of the fiber tape 3 to the target 

20 temperature. If the target temperature is greater than the temperature of the fiber tape 
3, the feedback control value is set to one, which will subsequently cause the heating 
device controller 19 to begin heating. If the target temperature is less than or equal to 
the temperature of the fiber tape 3, the feedback control value is set to zero, and the 
heating device controller will subsequently cause the heating device to cease heating. 

25 With most other control methods, the heating device controller 19 may generate heat 
control values that are between zero and one, that is, the heating control values may 
cause the heating device 8 to increase or decrease heating in incremental stages 
between full on and off. For example, in a proportional control method, the feedback 
control value is calculated by multiplying a proportional gain by the temperature 

30 error, which is the difference between the target temperature and the temperature of 
the fiber tape 3. Similarly, in a proportional-derivative control method, the feedback 
control value is calculated by multiplying a proportional gain by the temperature 
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error, but the result is adjusted by adding a second term that is proportional to the 
time-derivative of the temperature error. The proportional-integral-differential 
control method goes one step further than the proportional-derivative control method 
by adding a third term that is proportional to the time integral of the temperature error. 
5 Thus, the proportional-integral-differential control method is a three mode controller. 
A preferred embodiment of the invention uses the proportional-integral-differential 
control method to calculate the feedback control value. 

In step 36, the feedforward controller 18 determines a feedforward control 
value based on the velocity of the fiber tape 3 and the target temperature and 

1 0 according to a feedforward response surface. As described above, the feedforward 
response surface can define a plurality of data points by comprising a feedforward 
data table or by defining a mathematical correlation between a plurality of predefined 
velocities, predefined feedforward control values, and resulting temperatures. Thus, 
during operation of the fiber placement machine 1, the feedforward control value can 

15 be determined in at least two ways. In one embodiment, the feedforward control 
value is determined by retrieving a value from the feedforward data table. As 
described above, the feedforward data table contains data points, each of which 
represents a predefined feedforward control value, a predefined velocity of the fiber 
tape 3, and a temperature that results in the fiber tape 3 when the corresponding 

20 predefined feedforward control value is output to the heating device 8 and the fiber 

tape 3 moves at the corresponding predefined velocity. A number of feedforward data 
tables may be stored, so that a different data table can be used depending on 
construction conditions. For example, a distinct feedforward data table may be stored 
for each type of fiber tape 3 that is placed by the fiber placement machine 1. An 

25 operator can choose the feedforward data table that is used or the fiber placement 

machine 1 can automatically select a feedforward data table, for example by detecting 
the type of fiber tape 3 that is being placed by the fiber placement machine 1 and 
automatically selecting a feedforward data table that corresponds to that type of fiber 
tape 3. 

30 In another embodiment, the feedforward controller 18 mathematically 

calculates the feedforward control value using the mathematical correlation between 
the predefined velocities, predefined feedforward control values, and resulting 
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temperatures. The mathematical correlation can be determined by any known 
method, including fitting a surface to a plurality of data points as described above. 

In step 37, the heating device controller 19 determines the heat control value 
using any of the methods described previously, such as by summing the feedforward 
5 control value and the feedback control value. The heat control value is then used to 
adjust the heating device as appropriate in step 38. As indicated in Figure 3, the 
heating control method typically continues by returning to step 32. Of course, the 
system and method of present invention is not meant to be limited to this particular 
linear order of the steps. In other embodiments some of the steps may be performed 

10 in other orders, for example, measuring the temperature of the fiber tape 3 after 

determining the velocity of the fiber tape 3. Alternatively, some of the steps may be 
performed simultaneously. For example, the feedback control value and the 
feedforward control value could be determined simultaneously. 

Figures 4 graphically illustrates the results of a fiber placement machine 1 that 

15 used a feedback controller 17 but not a feedforward controller 18. The feedback 
controller 17 used a proportional-integral-derivative control method. The graph 
shows the velocity and temperature variation of the fiber tape 3, measured on the 
vertical axis, versus time in seconds, measured on the horizontal axis. The velocity of 
the fiber tape 3 is shown by the curve indicated by reference numeral 24 and is 

20 measured in inches per minute according to the vertical scale on the left side of the 
graph. The temperature of the fiber tape 3 is shown by the curve indicated by 
reference numeral 25 and is measured in degrees Fahrenheit according to the same 
vertical scale on the left side of the graph. The heat control value in this case 
comprises a voltage that controlled a heating device 8 comprising a laser diode array. 

25 The heat control value is shown by the curve denoted by reference numeral 26 and is 
measured in volts according to the vertical scale on right side of the graph. As can be 
seen, the trial lasted about 3.5 seconds. During that time, the velocity of the fiber tape 
3 varied fi-om about 400 inches/minute to a maximum of about 600 inches/minute and 
then slowed to about 120 inches/minute. The heat control value varied between about 

30 0 volts and a maximum of about 2.8 volts. The resulting temperature of the fiber tape 
3 varied between a minimum of about 100° F and a maximimi of about 230° F. 
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Figures 5 illustrates the results of a fiber placement machine 1 according to 
one embodiment of the present invention that used both a feedback controller 17 and a 
feedforward controller 18. The feedback controller 17 used a proportional-integral- 
derivative control method. Similar to Figure 4, the graph of Figure 5 shows velocity, 

5 temperature, and time. The velocity of the fiber tape 3 is shown by the curve 

indicated by reference numeral 27, the temperature of the fiber tape 3 is indicated by 
numeral 28, and the heat control value is indicated by numeral 29. The units of 
measurement are the same as those used in Figure 4, and the scales are located on the 
same axes. As can be seen fi:om the graph, this trial lasted slightly longer than 3.5 

10 seconds. During that time, the velocity of the fiber tape 3 varied between a minimum 
of about 150 inches/minute to a maximum of about 1200 inches/minute. The heat 
control value varied between about 1.5 volts and a maximum of about 5 volts. The 
resulting temperature of the fiber tape 3 varied between an initial value of about 60" F 
and a maximum of about 200" F. The heat control value followed a much smoother 

1 5 variation in this trial than the previous trial shown in Figure 4. Significantly, although 
the maximum velocity of the fiber tape 3 was twice that of the previous example 
shown in Figure 4, the temperature remained nearly constant during most of the trial. 
Indeed, after a warm-up period of about 0.5 seconds, the temperature of the fiber tape 
3 leveled and remained within a range of about 20° F for the rest of the trial. 

20 The system of the present invention is typically embodied by an integrated 

controller 20 and an associated memory device 21, both of which are commonly 
comprised by a computer or the like. As such, the system of the present invention 
generally operates under control of a computer program product according to another 
aspect of the present invention. The computer program product for performing the 

25 contingent claim valuation includes a computer-readable storage medium, such as the 
non-volatile storage medium, and computer-readable program code portions, such as a 
series of computer instructions, embodied in the computer-readable storage medium. 

In this regard, Figures 2 and 3 are block diagrams and flowcharts of methods, 
systems and program products according to the invention. It will be understood that 

30 each block or step of the flowchart, and combinations of blocks in the flowchart, can 
be miplemented by computer program instructions. These computer program 
instructions may be loaded onto a computer or other programmable apparatus to 
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produce a machine, such that the instructions which execute on the computer or other 
programmable apparatus create means for implementing the functions specified in the 
flowchart block(s) or step(s). These computer program instructions may also be 
stored in a computer-readable memory that can direct a computer or other 
5 programmable apparatus to function in a particular manner, such that the instructions 
stored in the computer-readable memory produce an article of manufacture including 
instruction means which implement the function specified in the flowchart block(s) or 
step(s). The computer program instructions may also be loaded onto a computer or 
other programmable apparatus to cause a series of operational steps to be performed 

10 on the computer or other programmable apparatus to produce a computer 

implemented process such that the instructions which execute on the computer or 
other programmable apparatus provide steps for implementing the functions specified 
in the flowchart block(s) or step(s). 

Accordingly, blocks or steps of the flowchart support combinations of means 

15 for performing the specified functions, combinations of steps for performing the 
specified functions and program instruction means for performing the specified 
functions. It will also be understood that each block or step of the flowchart, and 
combinations of blocks or steps in the flowchart, can be implemented by special 
purpose hardware-based computer systems which perform the specified functions or 

20 steps, or combinations of special purpose hardware and computer instructions. 

Many modifications and other embodiments of the invention will come to 
mind to one skilled in the art to which this invention pertains having the benefit of the 
teachings presented in the foregoing descriptions and the associated drawings. 
Therefore, it is to be understood that the invention is not to be limited to the specific 

25 embodiments disclosed and that modifications and other embodiments are intended to 
be included within the scope of the appended claims. Although specific terms are 
employed herein, they are used in a generic and descriptive sense only and not for 
purposes of limitation. 
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